Bispecific IgG are heterotetramers comprising 2 pairs of heavy and light chains. Co-expression of the 4 component chains in a single host cell typically yields the desired bispecific IgG plus up to 9 additional incorrect chain pairings. Several protein engineering strategies have been reported to facilitate the heterodimerization of antibody heavy chains or cognate pairing of antibody heavy and light chains. These technologies have been used to direct the efficient assembly of bispecific IgG in single host cells and minimize unwanted chain pairings. When purifying bispecific IgGs, the identification and quantification of low levels of closely related IgG contaminants are substantial analytical challenges. Here we have developed a robust high-throughput method for quantitative analysis of bispecific IgG preparations using novel online liquid chromatography in conjunction with an extended mass range Orbitrap-based highresolution mass spectrometer. A mathematical method was developed to estimate the yields of the 2 isobaric species, namely the desired bispecific IgG and the light chain-scrambled IgG. The analytical methods described herein are anticipated to be broadly applicable to the development of bispecific IgG as drugs and potentially to other complex next-generation biotherapeutics.
Introduction
Bispecific antibodies are of growing interest for drug development, and at least 40 such molecules are currently in clinical studies. [1] [2] [3] Combining 2 (or more) antigen specificities within a single antibody can endow them with new properties, such as the ability to retarget effector cells to kill tumor cells. Bispecific antibodies can also serve as an alternative, or potentially an improvement, for antibody combination therapies. 1, 2 Extensive technology development with bispecific antibodies in recent years has led to the generation of at least 60 different alternative formats or scaffolds. 1, 2, 4 The bispecific IgG (BsIgG) format has gained popularity because it may provide IgG-like properties, such as long serum half-life and optional effector functions, as well as the ability to tailor these Fcassociated functions. A BsIgG is a heterotetramer consisting of 2 pairs of heavy and light chains, with each pair providing a different antigen (or epitope) specificity.
Efficient production of BsIgG using a single host cell can be challenging due to promiscuous pairing of the component chains. 5 Multiple strategies have been devised to overcome (or avoid) antibody chain pairing problems, as reviewed. 2, 6 For example, efficient heterodimerization of the 2 heavy chains in BsIgG has been achieved by using the knobs-into-holes (KiH) mutations 7, 8 and, more recently, by several other elegant strategies. [9] [10] [11] [12] BsIgG were first produced efficiently in a single host cell using 2 different heavy chains containing KiH mutations in conjunction with a common light chain. 13 This strategy circumvents light chain mispairing, but constrains the antibodies that can be used in preparing BsIgG and may require purposedesigned antibody discovery stratagies. 14 More recently, separately expressed half-antibodies containing KiH-modified heavy chains and different light chains have been assembled efficiently in vitro. 15 More general strategies for assembling BsIgG in single host cells have been developed by engineering antibodies for orthogonal pairing of the 2 light chains to their cognate heavy chains. [16] [17] [18] [19] For example, a typical design will involve residue modifications at the heavy/light chain interfaces on one or both arms in addition to mutations to facilitate heavy chain heterodimerization. [16] [17] [18] The success of such antibody engineering designs in facilitating BsIgG assembly can be evaluated following transient coexpression of the component heavy and light chains in mammalian cells. The various IgG species produced are typically purified by protein A or protein G chromatography, and then the BsIgG component of the IgG mixture is quantified by liquid chromatography (LC) in conjunction with mass spectrometry (MS). [16] [17] [18] Nevertheless, the analytical characterization of BsIgG preparations remains challenging, and new methods are still needed. Native MS and ion mobility (IM) MS are emerging as important tools for the characterization of antibody-based products. 20 For example, native MS coupled to sizeexclusion chromatography 21 and native IM MS 22 have been used to analyze BsIgG obtained from the CrossMab technology and antibody-drug conjugates, respectively, under more physiologically representative conditions.
Previously, quadrupole time-of-flight (Q-TOF) LC-MS analyses have been used successfully to measure the relative amounts of different IgG species. 23, 24 For example, Woods et al. 23 coupled a C4 reverse phase LC system with an electrospray ionization (ESI) Q-TOF mass spectrometer to quantify homodimers and associated half-antibody impurities in BsIgG samples. The limit of quantification of antibody impurities was estimated as 2% based upon spiking of standards into purified heterodimer. However, the Q-TOF methodology was not able to resolve IgG species close in mass, impairing sample quantification in some cases. Heck and colleagues have demonstrated quantitative high-resolution analysis of complex mixtures of antibodies by native MS using direct infusion. [25] [26] [27] [28] The peak width of a single antibody charge state was narrower for an Orbitrap instrument compared to a Q-TOF instrument, which improves the quantification accuracy. Moreover, for the Orbitrap, the centroid of the peak was shifted to slightly lower and closer to the expected mass, due to more efficient desolvation and reduced adduct formation under native conditions. 28 Previous work from our lab has demonstrated the benefits of Orbitrap resolution for the identification of unwanted IgG byproducts down to 1% through the use of direct infusion after buffer exchange to either partially denaturing solvents or neutral pH (unpublished data). Although sensitive and effective, this workflow lacked the high-throughput capabilities necessary for large scale evaluation of impurity screening, largely due to the fact that buffer exchange and manual infusion without upfront chromatography can be laborious, thereby limiting the number of samples that can be conveniently analyzed. Furthermore, distinction between the correctly paired BsIgG and the isobaric mispair was not addressed.
Here, we describe an improved platform process for the analysis of BsIgG preparations containing IgG contaminants using reversed phase high-performance (HP) LC coupled with Orbitrap-based high-resolution LC-MS. IgG constructs were engineered to minimize product heterogeneity by deleting the carboxy terminal lysine of the heavy chain (DK447) and mutation to prevent N-linked Fc glycosylation (N297G). LC conditions and mass spectrometric parameters were optimized to enable the routine analysis of hundreds of BsIgG samples with high reproducibility and sensitivity. A mathematical method was developed to estimate the proportion of BsIgG in an isobaric mixture containing BsIgG and IgG with both light chains mispaired. Lastly, DNA ratios of the component chains used for single cell coexpression were evaluated for their effect on BsIgG production. Taken together, the platform developed here for BsIgG quantification shows exquisite sensitivity and robustness, and has essential utility in evaluating BsIgG designs and in the development of BsIgG therapeutics.
Results
Engineering of the anti-HER2/CD3 BsIgG constructs for minimizing product heterogeneity An anti-HER2/CD3 BsIgG was constructed from humanized anti-HER2 (humAb4D5-8) 29 and anti-CD3 (humAbUCHT1 v9) 30 IgG 1 antibodies and used as a test system for this study. Knob (T366W) and hole (T366S:L368A:Y407V) 7 mutations were installed into the anti-HER2 and anti-CD3 heavy chains, respectively, to promote heavy chain heterodimerization.
IgG samples are typically deglycosylated prior to intact mass analysis by LC-MS. Enzymatic removal of the glycan attached to residue N297 in the C H 2 domain of the heavy chain eliminated a major source of mass heterogeneity. This mass heterogeneity was avoided by installing the N297G mutation into the heavy chain of both antibodies, thereby preventing N-linked glycosylation. Another common source of mass heterogeneity in IgG results from proteolysis of the heavy chain C-terminal lysine (K447), from one or both chains, during recombinant IgG production. 31 This additional source of mass heterogeneity was circumvented by deleting this lysine residue (DK447) from the heavy chain sequences of both the anti-HER2 and anti-CD3 antibodies.
The heavy and light chains for the anti-HER2 and anti-CD3 antibodies were transiently co-transfected at equivalent DNA weight ratios into HEK 293 cells. The secreted IgG was affinity-purified by protein A chromatography from the cell culture conditioned media and analyzed by size-exclusion chromatography. The N297G and DK447 heavy chain mutations, alone or in combination, did not affect the transient expression yield of anti-HER2/CD3 BsIgG nor the high proportion of monomeric IgG observed in the size-exclusion chromatography profile (Fig. S1 ). Therefore, both of these modifications were incorporated into all later constructs so as to minimize the mass heterogeneity for reliable MS analyses.
Detection of IgG using high-resolution LC-MS
In order to quantify IgG species, an HPLC instrument employing a supermacroporous reverse-phase column, MAbPac RP, was coupled to an Exactive Plus extended mass range (EMR) Orbitrap mass spectrometer, and, after optimization, a rapidly obtained, rugged, high quality, baseline-resolved signal was obtained (Fig. 1) . The performance of the HPLC system was first evaluated with 30 identical injections of a commercially available IgG mass standard. Reproducibility was significantly improved by replacement of all solvent carrying biocompatible polyetheretherketone lines to stainless steel, and optimization of the composition of the gradient solvents and the column temperature (Fig. S2A, S2B and Table S1 ). For the same 30 injections, the relative standard deviation (RSD) for major peak parameters (retention time, area, height, width at half height and asymmetry) was greatly reduced (Table S2 ). The carryover between injections was <0.6% for loading amounts of 10 mg IgG (Fig. S2C) . Ruggedness, reproducibility and low carry-over were prerequisites for the high throughput screening of large sample sets.
Instrument optimization in Orbitrap Exactive Plus EMR, such as interface condition (sheath gas, Aux gas, S-lens RF level), the desolvation energy (CID, CE) and trapping gas pressure (tapping gas pressure and entrance lens voltage), were performed (see Materials and Methods). A symmetric sharp peak in total ion chromatogram (TIC) with a well-defined ion envelope resulted (Fig. 1A, B) . Expansion of 2 adjacent charge states (Fig. 1C ) demonstrates baseline resolution of all glycoforms of the glycosylated IgG standard. The mass accuracy with different IgG species was also evaluated, and the average mass error observed was 8 ppm, comparable to previous reports. 28 Precise quantification of BsIgG expressed in a single host cell
The quantification ability for this high-resolution LC-MS system was evaluated using BsIgG. For BsIgG production, anti-HER2 and anti-CD3 heavy chains carrying the KiH, N297G, and DK447 mutations (H1 and H2) and their respective light chains (L1 and L2) were co-expressed in HEK 293 cells, resulting in 4 major IgG species with minimal contribution from heavy chain homodimerization due to KiH mutations ( Fig. 2A) . The observed IgG species included the correctly paired anti-HER2/CD3 BsIgG (H1L1/H2L2) and the isobaric light chain-scrambled IgG (H1L2/H2L1). The additional IgG species contained 2 copies of either the anti-HER2 light chain (H1L1/H2L1) or the anti-CD3 light chain (H1L2/H2L2). The mass difference between the BsIgG and either of the IgG containing 2 copies of L1 or L2 reflects the mass difference between the 2 light chains.
To assess the limits of detection and quantification of the LC-MS platform for BsIgG samples, in vitro assembled anti-HER2/ CD3 BsIgG standard (H1L1/H2L2) was titrated with decreasing amounts of 2 mispaired common light chain IgG species (H1L1/H2L1 and H1L2/H2L2) ( Fig. 2B and Table S3 ). For all titrations, the mass spectra showed baseline resolution between the 3 peaks. The close correlation (R 2 D 0.9998) between the spiked and measured percentages demonstrated the capability of the optimized LC-MS system to precisely quantify BsIgG species from single-host expressions with contamination levels lower than 1% (Fig. 2C ). For all of these data, the standard deviation was below 0.2% (Table S3 ). Even at the lowest mispair levels, reproducibility was not compromised, which demonstrated the robustness of this platform. As we had demonstrated that the platform enabled the precise quantification of different IgG species in samples with low-level impurities, it was subsequently used to screen panels of BsIgG. Based on the titration experiments, our limits of reproducible quantitation are estimated to be 1%, while the limit of detection (defined as 3 times standard deviation) is 0.3%. Our experience is that peaks below 1% are repeatedly and reliably detected and deconvoluted. The high-resolution LC-MS system was then employed to analyze the protein A-purified BsIgG samples from single-host expressions. For anti-HER2/CD3 (Fig. 2D and Fig. S3A,C) , the peaks of lowest and highest mass represent the common light chain mispaired species, H1L1/H2L1and H1L2/H2L2, respectively. The intermediate peak represents a mixture of the BsIgG and the isobaric light chain-scrambled IgG. The composition of the IgG mixture was measured as 47.4% BsIgG combined with L-chain scrambled IgG, along with 36.9% H1L1/H2L1 and 15.8% H1L2/H2L2.
As an additional example, the expression of an anti-VEGFA/ VEGFC BsIgG was assessed (Fig. 2E and Fig. S3B and S3D ). Similarly to anti-HER2/CD3, anti-VEGFA and anti-VEGFC heavy chains carrying the KiH, N297G and DK447 modifications (H1 and H2) and their respective light chains (L1 and L2) were co-expressed in HEK 293 cells. The desired BsIgG and light chain-scrambled IgG together constituted 70.6%, while the fraction of the IgG with 2 copies of VEGFA or VEGFC light chains were 6.0% and 23.4%, respectively. To accurately assess the efficiency of correct chain pairing, individual percentages of the correctly paired BsIgG and the light chain-scrambled IgG need to be individually determined.
Limits of LC-MS method for resolving different IgG species close in mass
Successful quantification of BsIgG impurities using instrument conditions amenable to high-throughput analysis is dependent on the mass difference between individual antibody arms. To determine the quantification capabilities at a standard operating resolving power (17,500 at 200 m/z), we tested available BsIgG of varying mass differences. Baseline resolution was achieved where antibody impurities differed by 118 Da (Fig. S4A) . In contrast, with samples differing in mass by 55 Da, only partial resolution was achieved (Fig. S4B) . Specifically, with a 55 Da difference, 2 shoulder peaks were present and amenable to quantification, albeit with reduced accuracy. Due to the fact that high resolving powers require additional spectral acquisition time, they are not compatible with the rapid, efficient chromatographic separation described herein. The peak width of the TIC for a typical LC-MS run was about 0.15 min, which represents 9 data points across the peak (Fig. 1) . Increased instrument resolving power (35,000 at m/z 200) on our automated method resulted in 5 useable data points across the peak and overall lower quality results. Additionally, the sensitivity and signal-to-noise ratio was compromised at higher resolving powers, resulting in loss of minor components.
Estimation of the BsIgG and light chain-scrambled IgG content from the MS data A probability-based mathematical method was developed to estimate the percentage of each of the BsIgG (H1L1/H2L2) and the light chain-scrambled IgG species (H1L2/H2L1) from the combined quantity measured by MS (see Materials and Methods). The anti-HER2/CD3 BsIgG and the corresponding light chain-scrambled species were estimated as 23.7% each (Fig. 2D) . For the anti-VEGFA/VEGFC, BsIgG and the light chain scrambled IgG were estimated as 68.5% and 2.1%, respectively (Fig. 2E) .
To validate the mathematical model that was used for calculating the component species of the intermediate MS peak, experiments were carried out using the anti-HER2/CD3 and anti-VEGFA/VEGFC BsIgG samples. First, the anti-HER2/ CD3 IgG sample was treated with lysyl endopeptidase, which cleaved the heavy chains on the C-terminal side of the K222 residue, located in the upper hinge region. Based on the chain pairing in the IgG sample, 4 Fab species were anticipated in the digested mixture, namely, H1L1, H1L2, H2L1 and H2L2 (Fig. 3A) . The H1L1 Fab is derived from BsIgG and the H1L1/ H2L1 mispaired IgG. Similarly, the H2L2 Fab is derived from BsIgG and the H1L2/H2L2 IgG. The H1L2 Fab is contributed by both H1L2/H2L2 and H1L2/H2L1 mispair IgG species. The H2L1 Fab was derived from H1L1/H2L1 and H1L2/H2L2 IgG species. The contribution of each Fab species can be calculated from the known IgG content (Fig. 3B, C) .
To compare with the calculated values, the digested anti-HER2/CD3 BsIgG sample was analyzed using the LC-MS method to quantify the percentages of the Fab fragments (Fig. 3B ). In addition, the same experimental method was applied to the anti-VEGFA/VEGFC IgG sample (Fig. 3C) . In both cases, the MS-measured percentages closely approximated the calculated compositions of the 4 Fab fragments. Thus, the data supported the use of the mathematical formula for estimating the BsIgG yields from LC-MS measurements.
Effect of DNA chain ratios for co-transfection on the percentage of BsIgG
Multiple weight ratios of anti-HER2/CD3 DNA were tested to study whether the chain ratios have an effect on the percentage of assembled BsIgG. With the total DNA amount for co-transfection being fixed, the L1:L2 ratio was varied while H1:H2 was held constant at 1:1. With the L1:L2 ratios varied from 2.8:1 to 1:2.8, the anti-HER2/CD3 BsIgG content varied over a narrow range: from 19.6% to 24.7% (Fig. 4A, Table S4 ). The highest BsIgG percentage was observed with an L1:L2 ratio of 1:1.4. In contrast, the percentage of the 2 mispaired common light chain species (H1L1/H2L1 and H1L2/H2L2) varied over more extensive ranges and in a reciprocal manner.
The same DNA chain ratios were also used for production of the anti-VEGFA/VEGFC BsIgG. In this case, the BsIgG yields varied dramatically (from 15.8% to 68.5%) over the different chain ratios (Fig. 4B, Table S5 ). The percentage of BsIgG was elevated with increasing L1:L2 ratios from 1:2.8 to 2.8:1.
Discussion
As novel therapeutics, bispecific antibodies are of growing interest because they can be used to support and explore new mechanisms of actions for disease treatments. Of all bispecific antibodies, BsIgGs have advantages, and thus are of particular interest, due to their resemblance to conventional IgG therapeutics. However, obtaining pure BsIgG is challenging because of the complexities that arise from the co-expression of 2 pairs of heavy and light chains. Therefore, both the discovery and manufacturing of BsIgG therapeutics benefit from the development of efficient production methods. As the technologies have improved, near-quantitative yields of BsIgG from single host cell expressions have been achieved. 7, 8, [16] [17] [18] To confirm the success of engineering solutions, use of a precise and robust companion quantification method for discriminating various engineering designs is critical. For that purpose, we developed a high-resolution LC-MS-based quantification platform compatible with high throughput analytical needs.
Antibodies can be redesigned to improved their homogeneity and their potential for development, as reviewed by Beck et al.
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In this study, humanized anti-HER2 and anti-CD3 antibodies in IgG 1 format were modified to avoid 2 sources of heterogeneity. Specifically, the removal of the carbohydrate by the heavy chain N297G mutation eliminated an extra deglycosylation step before LC-MS analyses. Additionally, the deletion of the heavy chain Cterminal lysine residue (DK447) circumvented the heterogeneity that may result from proteolytic removal of this lysine. 23 As a result, simpler IgG mass spectra could be obtained immediately following protein A chromatography.
Previously, sample analyses for the single-cell expressed BsIgG were mostly performed with the ESI-Q-TOF MS system. By utilizing high-resolution capabilities available on the Orbitrap platform, it was possible to acquire and interpret intracharge state baseline resolved MS data. With the inclusion of upfront chromatography enabled by a newly designed column demonstrating minimal carry-over (<0.6%) and excellent reproducibility (1.3% RSD for peak area), we quickly, repeatedly and precisely quantified BsIgG impurities under 1% and detected impurities down to 0.3%. This Orbitrap-based highresolution LC-MS platform performance is superior to the Q-TOF-based LC-MS system due to improved desolvation and increased signal-to-noise ratio. The antibodies used in our study include impurities or modifications that differ by 118 Da or more and are readily and precisely quantified. The higher resolving power necessary to distinguish IgG close in mass, and the concurrent extended spectral acquisition time required, were not compatible with the efficient chromatography methods described herein. In practice, BsIgG combinations that are <100 Da in mass are measured by direct infusion into the mass spectrometer at increased instrument resolution. Barring this complication, our general workflow allows us to determine accurately the distribution of the different IgG species in thousands of BsIgG samples to date at a rate of »100 samples per 24-hour period.
Another key aspect of our BsIgG quantification platform is the mathematical method that we developed to estimate the percentages of BsIgG and the light chain-scrambled IgG species. This approach was validated by demonstrating the close approximation between the calculated and experimentally measured values of different Fab fragments obtained by proteolytic digestion of BsIgG mixtures. Two main assumptions were employed in developing these computational methods. First, we assumed that the binding of the light chains to a heavy chain is completely independent from the other heavy chain because it is commonly understood that the 2 Fab arms of an antibody are usually formed independently. Second, we assumed that the BsIgG should have a higher or equal percentage than the light chain-scrambled IgG. This second assumption is consistent with previous reports that some coexpressed antibody pairs show significant preference for pairing of cognate heavy and light chains, 16 and other antibody pairs have little (if any) preference for cognate chain pairing. 24, 33 There are no reports (to our knowledge) of co-expressed antibodies exhibiting a preference for non-cognate heavy and light chain pairing.
In this study, an intrinsic cognate heavy and light chain pairing preference was observed for anti-VEGFA and anti-VEGFC antibodies, resulting in 68.5% yield of BsIgG. In contrast, the heavy and light chains of anti-HER2 and anti-CD3 antibodies paired randomly, giving rise to 24.7% anti-HER2/CD3 BsIgG (Table S4 and S5) . Before mathematical correction, these estimates were 70.6% BsIgG for anti-VEGFA/VEGFC and 49.4% BsIgG for anti-HER2/CD3, reflecting a deceptively high estimate of properly paired BsIgG in the latter case. The quantification platform developed here provides a potentially broadly applicable tool to detect and quantify any cognate chain preference when pairs of antibodies are co-expressed.
For the anti-VEGFA/VEGFC and anti-CD3/HER2 BsIgG, the constant domains (C L and C H 1) are identical for each antibody pair. Therefore, differences in the variable domain (V L and V H ) sequences presumably account for the observed preferential cognate chain pairing for anti-VEGFA/VEGFC and random chain pairing for anti-HER2/CD3. Almost all of the variable domain sequence differences between VEGFA and VEGFC antibodies reside in the complementarity-determining regions, with only a few differences in the framework regions (data not shown). Mutational analysis may help identify the residues responsible for the preferential cognate chain pairing, including the relative contributions of framework region and complementarity-determining region residues.
We have no evidence that antibody light chains are able to swap heavy chain partners post secretion. Once the heavy and light chains are assembled, a disulfide bond is formed between them. This interchain disulfide bond likely serves as a kinetic trap that prevents chain exchange. Even after purposefully reducing the light chain/heavy chain disulfide bond, we were unable to find evidence for light chains swapping heavy chain partners. 15 In the case of the anti-HER2/anti-CD3 BsIgG, we constructed the forced chain mispairings (anti-HER2 heavy chain with anti-CD3 light chain or anti-HER2 light chain with anti-CD3 heavy chain) and demonstrated that both cognate heavy and light chains are required for antigen binding for HER2 and also CD3 (J. Zhou, unpublished ELISA data).
We also investigated the effect on the BsIgG yield by the DNA ratios of heavy and light chains used for co-transfection. In most of the previously reported studies involving engineering BsIgG, [18] [19] [20] the light chain ratio was kept non-optimized as 1:1. However, in this study, the anti-VEGFA/VEGFC BsIgG showed a much lower yield (40-50%) with the equal light chain DNA ratio, compared to the optimized yield (»69%). Therefore, it may be necessary to evaluate multiple light chain DNA ratios to optimize the percentage of a selected BsIgG. This becomes especially important when comparing different designs or evaluating their performance on various antibodies.
The quantification platform developed here offers high reproducibility and robustness, allowing for the rapid analysis of hundreds of clones in an automated fashion. Applications extend beyond evaluating BsIgG yields of different designs, such as screening clones in the development of stable cell lines. Thus, the platform has the potential to be broadly useful in the development of BsIgG therapeutics. Additionally, our platform may be suitable for other applications in the development of next-generation biotherapeutics, including quantification of bispecific antibody-drug conjugates 34 or mixtures of antibodies. 20 
Materials and methods

Constructs
The sequences of the anti-HER2 (huMAb4D5-8), 26 anti-CD3 (huMAbUCHT1v9), 17 anti-VEGFA 33 and anti-VEGFC 29, [35] [36] [37] antibodies were obtained according to earlier publications. The EU numbering scheme for antibody residues is used throughout this manuscript. 38 The heavy chains of anti-HER2 and anti-VEGFA were modified with the "knob" mutation (T366W), and the heavy chains of anti-CD3 and anti-VEGFC with the "hole" mutations (T366S:L368A:Y407V). 7 The heavy chains were further modified by site-directed mutagenesis to prevent Fc glycosylation (N297G) and to delete the carboxy terminal lysine (DK447). All the antibody constructs were cloned as human IgG 1 into the pRK5 mammalian expression vectors.
Antibody expression and purification
The plasmids encoding heavy and light chains for making the BsIgG were mixed according to the weight ratios described in the results section. The DNA mixtures were then co-transfected into Expi293F
TM cells (Thermo Fisher Scientific). For sizing analysis as the later application, antibody expressions were performed at the 30 mL scale. The IgG species were purified from the supernatant using the MabSelect Sure protein A agarose beads (GE Healthcare Life Sciences) according to the manufacturer's protocol. For MS as the later application, both antibody expression and purification were performed at the 1 mL scale with high throughput methods that were previously reported. 39 Total antibody yields were calculated based upon an extinction coefficient of 1.4 at 280 nm using a Nanodrop instrument (Thermo Fisher Scientific).
Gel filtration analysis
Antibody samples (10 mL) were injected on to a 4.6 mm-diameter TSKgel SuperSW3000 size exclusion column (TOSOH Bioscience) on an Infinity 1260 HPLC instrument (Agilent). The samples were eluted with 200 mM K 2 PO 4 , 250 mM KCl, pH 7.0 at a flow rate of 0.35 mL/min.
High-resolution LC-MS
An UltiMate 3000 RSLC (Thermo Fisher Scientific) LC system was configured with HPG-3400RS binary gradient pump with a 400 mL static mixer, WPS-3000TRS thermostatted split loop autosampler, TCC-3000RS thermostatted column compartment, and DAD-3000RS diode array detector with a semimicro flow cell (2.5 mL, 7 mm). Control of the system was via DCMSlink through Xcalibur software also provided by Thermo Fisher Scientific. A unique reversed phase column was designed specifically for the high throughput characterization of antibodies and antibody fragments by HPLC and LC-MS methods. The MabPac RP column (2.1 mm £ 50 mm) consisted of a phenyl hydrophobic supermacroporous 4 mm polymeric resin with 1500 A pores capable of operation over a wide pH range (pH 0-14) and at temperatures of 110 C, offering optimal method development flexibility. The HPLC system was optimized for solvent path, gradient solvent composition and column temperature (Table S1 ). The final optimized MacPac RP run conditions used a flow rate of 300 mL/min and a column temperature of 80 C. A binary pump was used to deliver solvent A (water containing 0.1% formic acid and 0.02% trifluoroacetic acid) and solvent B (90% acetonitrile containing 9.88% H 2 O plus 0.1% formic acid and 0.02% trifluoroacetic acid) as a gradient of 20% to 65% solvent B over 4.5 min. The solvent was then step-changed to 90% solvent B and held for 6.4 min to clean the column. Finally, the solvent was step-changed to 20% solvent B and held for 4 min for re-equilibration of the column.
For Intact IgG Mass Check Standard, 500 ng sample was injected via auto-sampler for each run. For BsIgG samples, 3 mg sample was auto-injected from a 96-well plate. The HPLC was coupled to a Thermo Exactive Plus EMR Orbitrap instrument (Thermo Fisher Scientific). The IgG samples were analyzed using the following parameters for data acquisition: 3.90 kV spray voltage; 325 C capillary temperature; 100 S-lens RF level; 15 Sheath gas flow rate and 4 AUX gas flow rate in ESI source; 1500 to 6000 m/z scan range; desolvation, in-source CID 100 eV, CE 0; resolution of 17500 at m/z 200; positive polarity; 10 microscans; 3 £ 10 6 AGC target; fixed AGC mode; 0 averaging; 25 V source DC offset; 8 V injection flatapole DC; 7 V inter flatapole lens; 6 V bent flatapole DC; 0 V transfer multipole DC tune offset; 0 V C-trap entrance lens tune offset; and trapping gas pressure setting of 2. Spectra were visualized using Thermo Xcalibur Qual Browser, then mass spectrum deconvolution was performed with Thermo Protein Deconvolution 4.0 under the following parameters: 10 minimum adjacent charges, 95% confidence noise rejection, 1000»6000 m/z range, 25 ppm mass tolerance, and 5»100 charge state range. The relative quantification was based on the intensity reported by Protein Deconvolution 4.0 of each individual peak versus total summed intensities. 
and H2L2 and H2L1 share the same heavy chain H2,
Assuming that the pairing of light chains to the knob heavy chain and the hole heavy chain are completely independent events, the population proportion of BsIgG can be calculated as:
where x D %[H1L1/H2L2]; and the population proportion of the light chain-scrambled IgG can be calculated as:
where y D %[H1L2/H2L1]. From the MS quantification (e.g. Fig. 1D-E 
Assuming that the percentage of BsIgG, %[H1L1/H2L2], is larger than or equal to the percentage of light chain-scrambled IgG %[H1L2/H2L1], from equations (1)- (7), the percentage of BsIgG can be calculated as: In some experiments, e.g., anti-HER2/CD3 at H1:H2:L1:L2 ratios of 1:1:1:1.4 and 1:1:1:2.8 (Table S3) , the value of ½ a 2 À Á 2 ¡ b£c:
À Á 2 ¡ bc may be a negative number. When this is the case, it is manually forced to be zero; then
Preparation of Fab fragments
One hundred mg protein A-purified IgG were incubated at 37 C with 1 mAU of MS grade lysyl endopeptidase (Wako Laboratory Chemicals) in 100 mL 100 mM Tris-HCl, pH 8.0. The reaction was stopped after 1 h by addition of 5 mL 10% acetic acid. Digested samples were then analyzed by high-resolution LC-MS.
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